Abstract. Activation of the Wnt signaling pathway is important for induction of gene expression and cell morphogenesis throughout embryonic development. We examined the subcellular localization of dishevelled, the immediate downstream component from the Wnt receptor, in the embryonic mouse kidney. Using immunofluorescence staining, confocal microscopy, and coimmunoprecipitation experiments, we show that dishevelled associates with actin fibers and focal adhesion plaques in metanephric mesenchymal cells. Stimulation of Wnt signaling leads to profound changes in metanephric mesenchymal cell morphology, including disruption of the actin cytoskeleton, increased cell spreading, and increased karyokinesis. Upon activation of Wnt signaling, dishevelled also accumulates in and around the nucleus. Casein kinase I ⑀ colocalizes with dishevelled along actin fibers and in the perinuclear region, whereas axin and GSK-3 are only present around the nucleus. These data indicate a branched Wnt signaling pathway comprising a canonical signal that targets the nucleus and gene expression, and another signal that targets the cytoskeleton and regulates cell morphogenesis.
Introduction
Wnt genes are expressed throughout embryogenesis, and play a role in tissue patterning and organogenesis (for reviews see Cadigan and Nusse, 1997; Moon et al., 1997) . In the embryonic kidney, metanephric mesenchyme is induced to differentiate into tubular epithelium by signals emanating from the ureteric bud, a branching epithelial tissue that invades the mesenchyme around embryonic day E11.5 of mouse development (for review see Saxen, 1987) . This inducing activity is mimicked by exposing naive mesenchyme to fibroblasts expressing Wnt1 in the absence of ureteric bud cells, demonstrating that Wnt signaling is sufficient to initiate epithelial differentiation in vitro (Herzlinger et al., 1994) . Targeted disruption of Wnt4 results in no mesenchymal to epithelial transformation and kidney agenesis, although mesenchymal cells are induced by the ureteric bud to express the early induction markers Pax-2 and N-myc (Stark et al., 1994) . These results demonstrate that Wnt signaling is necessary and sufficient for the mesenchymal to epithelial transformation of metanephric cells, a process that requires profound changes in cell shape and in gene expression (for review see Saxen, 1987) .
Wnt genes are known to mediate multiple cellular effects, and have been classified into two functional groups with separate downstream signaling pathways. The Wnt1 class stimulates the canonical Wnt/ ␤ -catenin signaling pathway, which leads to changes in cell fate and/or cell transformation. The Wnt5A class stimulates the Wnt/Ca 2 ϩ signaling pathway, which modulates cell adhesion and cell movement (for review see Miller et al., 1999a) . Wnt4 possesses traits of both classes, as it is capable of altering gene expression and modulating cell adhesion and morphogenetic movements (Munsterberg et al., 1995; Ungar et al., 1995; Torres et al., 1996) . In the canonical Wnt/ ␤ -catenin signaling pathway, Wnts bind to frizzled receptors and signal to the intracellular protein dishevelled (dvl), 1 which in turn inhibits the activity of glycogen synthase kinase-3 (GSK-3; for review see Miller et al., 1999a) . In the absence of Wnt signals, GSK-3 exists in a complex with axin-conductin, the adenomatous polyposis coli protein (APC) and ␤ -TrCP/Slimb, which together comprise the destruction complex for ␤ -catenin degradation (for review see Miller et al., 1999a) . Recently, casein kinase I ⑀ also has been identified as a potential regulator of GSK-3 in conjunction with dvl (Peters et al., 1999; Sakanaka et al., 1999) . In the presence of Wnt sig-nals, inhibition of GSK-3 results in the stabilization of ␤ -catenin, which translocates into the nucleus and stimulates transcription by associating with LEF/TCF transcription factors (for reviews see Miller et al., 1999a; Barker et al., 2000; Thorpe et al., 2000) . The Wnt/Ca 2 ϩ signaling pathway also functions via a subclass of frizzled receptors, leading to release of intracellular calcium and activation of protein kinase C in a process that involves G protein activation (for review see Miller et al., 1999a) . The mechanisms by which Wnt pathways mediate cellular effects other than changes in gene expression are very poorly understood.
Although the Wnt/ ␤ -catenin pathway has been characterized extensively using genetic and biochemical approaches in embryos and immortalized cell lines, it has been very difficult to determine the subcellular localization of endogenous Wnt signaling proteins in these model systems. Endogenous ␤ -catenin is present at adherens junctions (for review see Aberle et al., 1996) ; in the nucleus (Yost et al., 1996) , dvl is cytoplasmic (Fagotto et al., 1999) and may be associated with vesicle-like organelles (Miller et al., 1999b) , and APC is present at the ends of microtubules (Nathke et al., 1996; Mimori-Koyusue et al., 2000) . The detailed subcellular localization of other endogenous Wnt signaling proteins is unknown.
We chose to study the subcellular distribution of endogenous Wnt signaling proteins to gain insight into the possible mechanisms by which Wnt signaling might target the cytoskeleton and, hence, changes in cell morphogenesis. We examined embryonic mouse kidney development because Wnt signaling plays a role in the epithelial differentiation of metanephric mesenchymal cells in vivo (Stark et al., 1994) and because the epithelial phenotype of kidney tubule cells is very well understood. We focused on the subcellular localization of dvl because it is the most proximal intracellular branching site within the Wnt signaling pathway (Axelrod et al., 1998; Boutros et al., 1998 ; for review see Boutros and Mlodzik, 1999) . Our results indicate a role for Wnt signaling and dvl in actin cytoskeleton organization and cell morphogenesis.
Materials and Methods

Cell Culture
Kidneys from mouse CD1 E12 or E15 embryos were dissected and cultured for 3 d on collagen-coated coverslips. Embryonic E12 or E15 kidneys were dissociated by incubating 10 kidneys/ml in HDF (147 mM NaCl, 5.3 mM KCl, 5 mM dextrose, 4.2 mM NaHCO 3 , 0.5 mM EDTA) with 0.0625% trypsin solution for 20 min at 37 Њ C, followed by repeated pipetting to resuspend cells. This cell suspension was diluted 1:4 with serumcontaining culture medium to inactivate the trypsin. An average of 50,000 cells were plated on each collagen-coated coverslip in 1 ml total volume of culture medium per well and grown for a total of 3 d. This procedure yields a mix of ‫ف‬ 90% metanephric mesenchymal cells and 10% ureteric bud cells, based on the expression of the ureteric bud and mesenchymal markers cytokeratin 8 (K8) and vimentin, respectively. Control and Wnt1 expressing NIH 3T3 fibroblasts were provided by Dr. D. Herzlinger (Columbia University, New York, NY), and cultured as described previously (Herzlinger et al., 1994) . Where indicated, 60,000-100,000 of these NIH 3T3 cells were added to each well of embryonic kidney cells plated 2 d earlier, and were cultured for an additional 24 h. In all cases, embryonic kidneys and dissociated kidney cells were cultured in DME/Ham's F-12 (1:1; GIBCO BRL) with 10% FCS and penicillin (0.5 U/ml), streptomycin (0.5 mg/ml) and kanamycin (1 mg/ml).
Immunofluorescence Staining
Whole cultured embryonic kidneys and dissociated embryonic kidney cells were fixed as indicated in 100% methanol at Ϫ 20 Њ C for 10 min, in 2% paraformaldehyde in 75 mM lysine, 37.5 mM NaPO 4 and 0.1 M NaIO 4 at room temperature for 10 min, or in 0.5% glutaraldehyde in 100 mM Pipes, pH 6.9, 4 mM MgCl 2 , 2 mM EGTA and 0.1% Triton X-100 (TX-100) at room temperature for 10 min, followed by quenching in PBS (pH 8.0, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 9.2 mM NaCl, 15.2 mM Na 2 HPO 4 ), with 1 mg/ ml NaBH 4 . After fixation, samples were washed in PBS, pH 7.5, and incubated overnight in blocking solution (PBS, pH 7.5 with 50 mM NH 4 Cl, 25 mM poly-L -lysine, 25 mM glycine, 20% normal goat serum, 0.2% BSA) at 4 Њ C. When using mouse or rat mAbs, the blocking solution contained 18 g/ml unlabeled goat anti-mouse or anti-rat IgG (Jackson ImmunoResearch Laboratories; Boehringer; Roche Molecular Biochemicals). Samples were incubated in blocking solution with the following primary antibodies: rabbit polyclonal antiuvomorulin (provided by R. Kemler, Max-Planck Institut fur Immunbiologie, Freiburg, Germany; Vestweber and Kemler, 1984; Piepenhagen et al., 1995) , rabbit polyclonal anti-dvl-1 and -2, rabbit polyclonal antiaxin (all provided by K. Willert in the laboratory of R. Nusse, Stanford, CA; Miller et al., 1999b , Willert et al., 1999 , goat polyclonal anti-NH 2 terminus or COOH terminus dvl antibodies (Santa Cruz Biotechnology), mouse monoclonal antiactin (Boehringer Mannheim; Roche Molecular Biochemicals), mouse monoclonal anti-E-cadherin, antipaxillin and anti-GSK-3 (all from Transduction Laboratories). After washing the samples with PBS and 0.2% BSA, they were incubated in blocking solution with rhodamine-or FITC-conjugated goat anti-rabbit, goat anti-mouse or donkey anti-goat secondary antibodies, as indicated. The samples were washed in PBS, incubated in PBS with 10 g/ ml Hoechst stain (Molecular Probes), washed in PBS, pH 7.5, and mounted in Vectashield (Vector Labs). Alternatively, nucleic acids were visualized by incubating samples in 50 M SytoRed (Molecular Probes) in 50 mM Tris-HCl, pH 7.5, washed in 50 mM Tris-HCl, pH 7.5, and mounted as above. All samples were analyzed using a confocal scanning microscope (Molecular Dynamics).
Protein Extraction, Immunoprecipitation, and Western Blotting
Five E12, E15, or E16 embryonic mouse kidneys were homogenized on ice in 300 l CSK buffer (10 mM Pipes, pH 6.8, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 0.5% TX-100, 1 mM pefablock, 10 g/ml DNase, 10 g/ml RNase) and centrifuged at 1,000 g for 10 min at 4 Њ C. The TX-100-soluble fraction was separated from the pellet, which was solubilized on ice in 100 l Tris-SDS buffer (50 mM Tris-HCl, pH 7.5, 1% SDS, 2 mM EDTA, 1 mM pefablock, 10 g/ml DNase, 10 g/ml RNase). The SDS was diluted to 0.1% by adding 900 l CSK buffer. Primary antibodies, as indicated, and protein A-Sepharose beads (Sigma Chemical Co.) were incubated with the TX-100 and SDS-soluble protein fractions ranging from 2 h to overnight at 4 Њ C, followed by washing three times in 1 ml CSK buffer (or PBS, pH 7.5, in the case of actin coimmunoprecipitations). Immunoprecipitated proteins were processed for SDS-PAGE (PAGE; 10% acrylamide gels) and transferred to 0.45-m pore size nitrocellulose filters for Western blotting.
In all cases, antibodies used for Western blotting were the same as those used in at least a subset of the immunofluorescence experiments. Dishevelled and axin were detected using rabbit polyclonal primary antidvl-1 and antiaxin antibodies provided by K. Willert and R. Nusse (Miller et al., 1999b; Willert et al., 1999) . Actin was detected using mouse monoclonal antiactin antibody (Boehringer; Roche Molecular Biochemicals). Paxillin and GSK-3 were detected using mouse monoclonal antipaxillin and mouse monoclonal anti-GSK-3 antibodies (Transduction Laboratories). All primary antibodies were visualized using HRP-conjugated anti-mouse or anti-rabbit secondary antibody (Amersham Pharmacia Biotech), except for GSK-3, which was detected using biotinylated antimouse antiserum, followed by HRP-conjugated streptavidin (Zymed) incubation. The HRP signal was visualized by ECL chemiluminescence reagent (Amersham Pharmacia Biotech).
Scoring Wnt1 Effects on Embryonic Kidney Cells
In all cases, embryonic kidney cells were distinguished from NIH 3T3 cells because of their large size, prominent stress fibers, and angular appearance. NIH 3T3 cells were easily identifiable by their small size and characteristic fibroblast morphology. The incidence of multinucleated cells, and increased cell spreading were scored by collecting a low magnification image from 10 random locations on a single coverslip per experiment. The frequency of morphological features listed above was determined at each site, and then an average and/or the total number of cells was calculated for each experiment. Multinucleated cells were identified by simultaneously visualizing the actin cytoskeleton and Hoechst-stained nucleic acids using a Zeiss Axioplan microscope. Nuclear dishevelled was visualized using a Molecular Dynamics confocal laser scanning microscope. SytoRed nucleic acid stain (Molecular Probes Inc.) was used as above to detect nuclei in intact cultured embryonic kidneys by confocal microscopy. Levels of nuclear dishevelled were compared from cell to cell using pseudocolor imaging to quantitate differences in fluorescent signals. Disassembly of the actin cytoskeleton was scored by acquiring high magnification, pseudocolorized images from five random locations within a single coverslip per experiment, and then determining the average number and average length of actin stress fibers present. Cell spreading was quantitated by measuring the average area of cells in controls versus Wnt1 treatments. All measurements were carried out using NIH Image software (http:// rsb.info.nih.gov/nih-image/index.html).
Results
Dishevelled Is Present in Multiple Subcellular Compartments in the Developing Kidney
Wholemount immunofluorescence staining of E12 kidneys cultured ex vivo on collagen-coated coverslips for 3 d revealed diffuse staining of dvl along cell borders ( Fig. 1 , A-C, large white arrowhead) and in the cytoplasm of epithelial, (Fig. 1 , A and C; E-cad ϩ ) and mesenchymal cells (Fig. 1 , A and C, E-cad Ϫ ). In addition, prominent punctate dvl staining was detected along the basal surface ( Fig. 1, A and B, small blue arrowhead) and at the apical pole of tubule epithelial cells (Fig. 1, A and B, arrow). Dvl staining (Fig. 1, D and F) overlapped with that of filamentous actin at cell-cell borders in both epithelial and mesenchymal cells (Fig. 1, D and E) . In epithelial cells, dvl also colocalized with F-actin at the apical and basal poles, although diffuse dvl staining was also present in areas lacking actin.
These data raised the possibility that dvl might localize to the actin cytoskeleton during nephrogenesis.
Endogenous Dishevelled Colocalizes and Coimmunoprecipitates with Actin in a Developmentally Regulated Manner
The subcellular distribution of endogenous dvl protein was examined in dissociated E12 embryonic kidney cells cultured for 3 d on collagen-coated coverslips (Fig. 2, A , B, D, and E). In this, and all other experiments using dissociated E12 kidneys, 90% of cells in dissociated kidney cell cultures comprised mesenchymal cells and the remainder were epithelial cells derived from ureteric bud, based on the expression of vimentin, a mesenchymal marker, and cytokeratin 8 and E-cadherin, ureteric bud/epithelial markers (Torres, M.A., unpublished results) . Note that dissociated metanephric mesenchymal cells retain the ability to differentiate into tubular epithelium, as nephric tubules form in reaggregated cultures grown for 3 d on collagen-coated coverslips (Torres, M.A., and W.J. Nelson, manuscript in preparation). Cells were stained with dvl antibody, and antiactin ( Fig. 2 , A, C, D, and F, FITC) or anti-␤ -tubulin antibodies (Torres, M.A., unpublished results) to reveal that endogenous dvl colocalized with actin at leading edges and stress fibers, with an enrichment at the tips of stress fibers (Fig. 2 , A-C). Dvl staining did not overlap with that of tubulin or APC; note that APC staining is also concentrated at the tips of membrane protrusions but in association with microtubules (Nathke et al., 1996; Torres, M.A., unpublished results) . Immunofluorescence experiments carried out with nonimmune serum did not yield similar staining patterns, indicating that the signal detected using the anti-dvl antibodies is dvl-specific (M.A. Torres, unpublished results). In addition, we con- (A-C) Endogenous dishevelled and E-cadherin staining in E12 mouse kidneys cultured ex vivo for 3 d and fixed in 2% paraformaldehyde. Diffuse dvl is present throughout the cytoplasm. Dvl concentrates at lateral membranes (large arrowheads) and apical cell surfaces (arrows). Punctate dvl staining is present apically (arrows) and basally (small arrowheads). (D-F) Dvl staining partially overlaps with the rhodamine-phalloidin signal associated with filamentous actin along the basal (small arrowheads), lateral (large arrowheads), and apical (arrow) surfaces.
firmed that the anti-dvl antibodies used detected a single ‫ف‬ 75-kD band, which is consistent with the size of endogenous mouse dvl (see below).
Sibling cultures of embryonic kidney cells were treated with latrunculin A (Allison et al., 1998) to examine whether disruption of the actin cytoskeleton leads to alterations in dvl distribution. Latrunculin A disrupted both the actin cytoskeleton (Fig. 2, D and F) and dvl distribution, although both proteins remained colocalized in cytoplasmic aggregates, indicating that dvl and actin are complexed. Treatment of embryonic kidney cells with nocodazole to disrupt microtubules did not alter the subcellular distribution of dvl (Torres, M.A., unpublished results) .
Endogenous dvl expression in E12 embryonic kidneys was examined biochemically. Immunoprecipitation of endogenous dvl from E12 kidney homogenates sequentially extracted with TX-100 (Fig. 2 G; (Fig. 2 G, compare lane 3 with lane 1) . This is consistent with its association with the actin cytoskeleton. The apparent molecular mass of the immunoprecipitated protein is ‫ف‬ 75 kD, which is similar to the predicted size of mouse dvl-1 (Sussman et al., 1994) and dvl-2 ( Klingensmith et al., 1996) .
To test whether dvl and actin associate in a complex, dvl protein was immunoprecipitated from E12 kidney homogenates and the immunoprecipitate was probed by Western blotting with antiactin antibody. A fraction of the TX-100-soluble actin that was present in E12 kidneys coimmunoprecipitated with dvl ( Fig. 2 H, lanes 1 [P] and 2 [S]), confirming that endogenous dvl and actin form a complex. We were unable to determine whether TX-100-insoluble actin also complexes with dvl because SDS disrupted protein-protein interactions (Torres, M.A., unpublished result). We did not detect APC or ␤ -catenin in the complex; the axin antibody that we used does not work for Western blotting in our hands. We detected GSK-3 ␤ in the complex, but the amount was very variable.
Dishevelled Localizes to Focal Adhesion Plaques in a Complex with Paxillin and Integrin-linked Kinase
The punctate distribution of endogenous dvl at the basal surface of embryonic kidney cells (Fig. 1) and at the end of actin stress fibers in dissociated cells (Fig. 2) indicated that dvl localizes to focal adhesion plaques. Significantly, when focusing on the basal surface of embryonic kidney cells below the actin cytoskeleton, the distribution of dvl (Fig. 3,  A and B, rhodamine) and the focal adhesion plaque protein paxillin (Fig. 3 , A and C, FITC) overlapped in distinctive patches (Fig. 3) . To test whether endogenous dvl was present in a complex with paxillin, dvl-specific immunoprecipitates were probed by Western blotting with the antipaxillin antibody used above. A fraction of TX-100-soluble paxillin coimmunoprecipitated with dvl (Fig. 3 D, lane  1, P) . A second TX-100-soluble protein of ‫ف‬ 58 kD detected by the antipaxillin antibody coimmunoprecipitated with dvl (Fig. 3 D, lane 1, arrow with asterisk) ; the identity of this protein is unknown. As expected, when the dvlpaxillin complex was completely denatured in SDS, we were unable to detect an interaction between dvl and paxillin (Torres, M.A., unpublished result) . In addition, dvl coimmunoprecipitated with integrin-linked kinase (ILK; Fig. 3 conclude that in metanephric mesenchymal cells, dvl is localized to focal adhesions in a complex with other components of the adhesion plaque.
Treatment of Metanephric Cells with Wnt1 Leads to the Shortening and Disappearance of Actin Stress Fibers and to Increased Cell Spreading
We tested whether stimulation of Wnt signaling alters the distribution of endogenous dvl along actin fibers or the structure of the actin cytoskeleton. Dissociated E12 kidney cells grown for 2 d on collagen-coated coverslips were cocultured for 24 h with Wnt1-expressing, or control NIH 3T3 fibroblasts. Wnt1-treated metanephric cells underwent marked morphological changes. Wnt1 stimulation resulted in a shortening of actin filaments, and a reduction in the number and length of actin fibers (compare control Fig. 4 A with Wnt1-treated Fig. 4 , B-D, and Fig. 5, A and  B) . Distribution analysis revealed that a greater proportion of embryonic kidney cells treated with Wnt1 possessed fewer actin fibers than control cells (Fig. 5 B) . In addition, these fibers tended to be shorter relative to controls (Fig. 5 A) : 13% of control versus 35% of Wnt1-treated cells possessed Ͻ 5 actin stress fibers ( Fig. 5 B) ; and in 57% of Wnt1-treated cells, the average actin fiber length was Յ 15 m, compared with 3% of control cells (Fig. 5 A) .
Morphometric analysis of the surface area of metanephric cells showed that Wnt1 treatment increased the average cell surface area from 124 m 2 for controls to 230 m 2 for Wnt1-treated cells. Using distribution analysis, we found that Wnt1 treatment resulted in a modest increase in cell area for most cells, along with a very pronounced increase in area for a subset of cells: 9% of Wnt1-treated cells had an area Ͼ 350 m 2 versus only 1% of controltreated kidney cells (Fig. 5 A) . Cultures of metanephric mesenchymal cells treated with Wnt1 also had a greater number of polynucleated cells (42%, n ϭ 106) compared with controls (23%, n ϭ 91; Fig. 6 ; Table I ).
The Subcellular Distribution of Dishevelled Is Regulated during Nephric Tubule Induction and by Exogenous Wnt1
To test whether localization of dvl is developmentally regulated, dissociated cells from E15 kidneys, a developmen- tal stage when most of the embryonic kidney mesenchyme has received the inducing signal emanating from the branching ureteric bud tips (for review see Saxen, 1987) , were examined by immunofluorescence microscopy. In dissociated kidney cell cultures derived from E15 kidneys, dvl was prominently present at the ends of actin fibers (Fig. 6, D-F) , but was absent from the remainder of the actin fiber; note that in E12 cells, dvl is present along the length of the actin fibers (Fig. 6, A-C) . We were unable to detect complexed dvl and actin in E16 kidney protein homogenates by immunoprecipitation (Torres, M.A., unpublished results) . The timing of the transition from almost complete to partial colocalization of dvl and actin (Fig. 6 , compare A-C with D-F) correlates with the induction of epithelial cell fate in the metanephric mesenchyme by the ureteric bud.
In addition to the more restricted colocalization of dvl with the ends of actin fibers in E15 cells, we observed other changes in dvl distribution when cells were fixed differently. Fixation with glutaraldehyde instead of methanol, and immunofluorescence staining using multiple dvl antibodies specific to either the NH 2 and COOH terminus, revealed that in Wnt1-treated E12 mesenchymal cells, dvl accumulates in and around the nucleus (Fig. 6 , compare G with H and I; Table II ). The presence of dvl in the nuclei was confirmed using Hoechst stain to visualize nucleic acids. As expected, nuclear dvl was also observed in glutaraldehyde-fixed E12 kidneys cultured ex vivo on collagencoated coverslips for 3 d (Fig. 6 , J-L), since kidney mesenchyme is exposed to endogenous Wnt signaling during tubule induction. In intact E12 kidneys cultured ex vivo, nuclei were counterstained with the cell permeant nucleic E12 metanephric cells were cocultured with control or Wnt1-expressing cells as previously described. Overlap of dvl immunofluorescence with the signal from the nucleic acid Hoechst stain confirmed the localization of dvl to the nucleus after Wnt1 treatment. Nuclear dvl levels were defined as low for background staining (blue in pseudocolor) or high for signals above background staining (yellow, red, or white in pseudocolor). Wnt1 treatment increases the number of kidney cells with high levels of nuclear and perinuclear dishevelled between 370 and 625%. The two experiments shown above were randomly selected as samples for quantitation. These results were replicated in two additional experiments.
acid stain SytoRed and examined by confocal microscopy (Fig. 6 , J and K, rhodamine).
Casein Kinase I ⑀ Colocalizes with dishevelled along Actin Stress Fibers
Additional downstream components of the Wnt/ ␤ -catenin pathway were localized in dissociated metanephric cells during embryonic kidney development to examine whether they colocalized with dvl. Endogenous ␤ -catenin was detected primarily at sites of cell-cell contact (Torres, M.A., unpublished data) , which is consistent with its function at adherens junctions (for review see Aberle et al., 1996) . Axin (Fig. 7, D and E, rhodamine) and GSK-3 (Fig.   Figure 6 . The subcellular localization of dishevelled is regulated during nephric tubule induction and by Wnt1 signaling. (A-F) Embryonic kidney cells were harvested at E12 (A-C) or at E15 (D-F) and cultivated for 3 d on collagen, followed by fixation in 100% cold methanol and immunofluorescence staining using anti-dvl and antiactin antibodies. (A-C) Cells from E12 kidneys exhibit a colocalization of endogenous dvl along actin stress fibers (arrows). (D-F) Cells from E15 kidneys exhibit decreased colocalization of dvl with actin stress fibers (arrows) and, instead display a punctate pattern of dvl staining on the basal cell surface and an accumulation of dvl at the end of actin stress fibers. (G-I) Wnt1 stimulation leads to the accumulation of dvl in and around the nucleus of metanephric cells. E12 kidney cells (k) were cultured for 2 d on collagen-coated coverslips and cocultured with control or Wnt1-expressing NIH 3T3 fibroblasts (f) for an additional 24 h. Cells were fixed in 0.5% glutaraldehyde and endogenous dvl was detected using anti-dvl antibodies. Pseudocolor was used to quantify the amount of nuclear dvl and to visualize cell boundaries. Control-treated metanephric cells possessed low levels of nuclear dishevelled (G), whereas Wnt1-treated metanephric cells exhibited high levels of nuclear and perinuclear dvl staining (H and I). In particular, dvl accumulated between nuclei (H and I, thin arrow) and in a punctate pattern adjacent to the nucleus (H, thick arrow). Wnt1 treatment also increased the incidence of polynucleated metanephric cells and promoted cell spreading (H and I). (J-L) Dvl is present in the nuclei of metanephric mesenchymal cells in E12 kidneys cultured ex vivo for 3 d on collagen-coated coverslips and fixed in 0.5% glutaraldehyde. The presence of dvl inside nuclei was determined by observing colocalization of dvl immunofluorescence and the nuclear stain SytoRed signal in confocal optical sections (arrows). Nuclear dvl (arrows) was observed in cells on the cortex of the developing kidney proximal to the tips of ureteric bud branches (asterisk), where mesenchyme is induced to transform into tubular epithelium.
7, D and F, FITC) accumulated primarily at the nuclear envelope and in reticular structures surrounding the nucleus, with GSK-3 also being present diffusely in the cytoplasm. Endogenous dvl and casein kinase I ⑀ colocalized along the length of actin fibers (Fig. 7 , A-C) as well as in the perinuclear region (Fig. 7, A-C, inserts) . These data show that a subset of the Wnt signal transduction machinery, dvl and casein kinase I ⑀ , localize to the actin cytoskeleton in the absence of other downstream components, whereas the machinery to transduce canonical Wnt/ ␤ -catenin signals is located in the perinuclear region of the cell.
Discussion
A Putative Branch of Wnt Signaling Pathway Regulates the Actin Cytoskeleton
There is increasing evidence that there are multiple branch points within Wnt signaling pathways. For example, in addition to their roles in the canonical Wnt pathway, frizzled receptors and dvl are part of the planar cell polarity (PCP) pathway in developing epithelial tissues in Drosophila , whereas proteins further downstream of PCP signaling are not shared with the canonical Wnt pathway (Axelrod et al., 1998; Boutros et al., 1998 ; for review see Boutros and Mlodzik, 1999) . Within the Wnt/ ␤ -catenin signaling pathway, not all cellular effects are dependent on transcription. In particular, modulation of cell shape and cell adhesion appears to be mediated by a transcription-independent branch of the Wnt/ ␤ -catenin pathway. During endoderm specification in C . elegans , upstream components including GSK-3, but excluding ␤ -catenin and LEF/TCF transcription factors, are required for correct mitotic spindle orientation in the EMS blastomere (Schlessinger et al., 1999) , while the entire pathway is required to alter gene expression (for review see Thorpe et al., 2000) . Similarly, in Drosophila mechanosensory bristle precursor cells, frizzled and dvl are required for correct mitotic spindle orientation (Gho and Schweisguth, 1998) . In Xenopus embryos, Wnt-1 and ␤-catenin increase gap junctional permeability independently of their roles in regulating gene expression and dorsal cell fate specification (Olson et al., 1991; Guger and Gumbiner, 1995) .
We propose that during nephrogenesis, a branch of the canonical Wnt/␤-catenin signaling pathway alters cell morphology by targeting the actin cytoskeleton via dvl and casein kinase I⑀, which strongly colocalize with actin fibers. Furthermore, we suggest that the other, canonical branch of the Wnt/␤-catenin pathway is transduced in the perinuclear region of metanephric cells, because this is where the majority of Wnt/␤-catenin signaling components overlap. In our experiments, Wnt1 signaling resulted in a reduction in actin fiber length and number in metanephric mesenchymal cells. We do not rule out the possibility that Wnt/Ca 2ϩ or PCP signaling also targets the cytoskeleton via actin-associated dvl, although the downstream PCP component c-jun NH 2 -terminal kinase (Boutros et al., 1998) did not colocalize with dvl or actin (Torres, M.A., unpublished data) . The Drosophila adenomatous polyposis coli 2 protein, which is related to the APC present in the destruction box, has been localized to the actin cytoskeleton, but it is unclear if this protein functions downstream of the Wnt signaling pathway (McCartney et al., 1999; . At this time, we are unable to test whether the effects of Wnt signaling on the actin cytoskeleton are transcription-independent because of the lack of soluble Wnt1 to perform this experiment.
Wnt Signaling in Kidney Tubulogenesis
We found that Wnt1 stimulation of dissociated embryonic kidney cells results in the reorganization of the actin cytoskeleton, increased cell spreading, and the appearance of multiple nuclei within single metanephric cells (see below). These morphological changes are consistent with the program of epithelial differentiation observed in the embryonic kidney, which involves the formation of cell aggregates and cell proliferation (for review see Saxen, 1987) . The ability of these dissociated mesenchymal cells to respond with the appropriate differentiation program is supported by the fact that repelleted, dissociated mesenchymal cell cultures are capable of differentiating into tubular epithelium when cocultured with inducing ureteric bud cells (Torres, M.A., and W.J. Nelson, manuscript in preparation) . It is possible that Wnt signaling mediates changes in cell shape during cell aggregation by modulating the actin cytoskeleton in a dvl-and/or casein kinase I⑀-dependent manner. However, additional experiments are required to test whether dvl regulates the actin cytoskeleton directly.
In addition, we propose that Wnt signaling plays a role in increasing the apposition of aggregating cells by increasing cadherin-mediated cell adhesion (Bradley et al., 1993; Hinck et al., 1994) , as well as by modulating integrin-mediated cell-substratum adhesion via dvl interacting with paxillin and/or ILK at focal adhesions. We have found that commercially available, dvl-specific polyclonal antibodies used to study the localization of dvl to the actin cytoskeleton do not detect dvl at focal adhesions in parallel experiments (Torres, M.A., unpublished results) . Therefore, we conclude that the polyclonal antibody we used detects a specific epitope on dvl that is exposed at focal adhesions (Miller et al., 1999b; Willert et al., 1999) . Presently, we are investigating the molecular nature of the association of dvl with actin, paxillin, and ILK to understand the mechanism by which dvl might transduce Wnt signals to modulate the actin cytoskeleton and cell adhesion.
Coculture of metanephric mesenchymal cells with Wnt1-expressing fibroblasts resulted in an increased incidence of multinucleated metanephric cells. Previous studies have reported that activation of Wnt signaling at multiple points in the pathway can promote cell proliferation (for review see Miller et al., 1999a) . Therefore, we propose that in our experiments, the presence of multiple nuclei reflects a stimulation of cell division. The lack of cytokinesis that presumably is responsible for the multinucleated cells in cultured metanephric cells likely is due to the disruption of the actin cytoskeleton, combined with the extensive cell spreading that occurs in our cell plating protocol and in vitro culture conditions. In addition, the ability of dvl to form a complex with ILK, a putative oncogene (Novak et al., 1998; Wu et al., 1998) , suggests that other signaling pathways might stimulate cell proliferation at least, in part, by activating Wnt signaling via dvl, or by synergizing with the Wnt signaling pathway.
Subcellular Localization of Wnt/␤-Catenin Pathway Signaling Proteins
In metanephric mesenchyme, endogenous dvl, casein kinase I⑀, GSK-3, and axin are all present in the perinuclear region. Casein kinase I⑀ functions in conjunction with dvl to transduce canonical Wnt/␤-catenin signals by inhibiting GSK-3 activity (Peters et al., 1999; Sakanaka et al., 1999) . GSK-3 and axin promote ␤-catenin degradation via the proteosome pathway in the absence of Wnt signaling (for review see Miller et al., 1999a) . The colocalization of proteins involved in Wnt-mediated ␤-catenin stabilization in close proximity to nuclear pores may be significant, as ␤-catenin is able to traverse independently of the importin/karyopherin nuclear transport system (Fagotto et al., 1998) . Interestingly, we find that perinuclear dvl levels also increase with Wnt1 treatment, suggesting that dvl itself might be stabilized by the canonical Wnt/␤-catenin signaling pathway in the perinuclear region, followed by translocation of dvl into the nucleus, as observed in our studies. Translocation of dvl into the nucleus raises the possibility that some transduction of Wnt signals upstream of ␤-catenin might occur within the nucleus itself. Further studies are required to determine whether additional components of the Wnt signal transduction pathway are capable of accumulating in the nucleus as well.
Previously, ectopic green fluorescent protein-tagged dvl was observed to translocate from vesicular structures to the plasma membrane in response to planar cell polarity signals, whereas Wnt/␤-catenin signaling did not alter its subcellular localization (Axelrod et al., 1998) . Fagotta et al. (1999) also reported that over-expressed, ectopic HAtagged dvl was present in cytoplasmic aggregates and at the plasma membrane when myc-tagged axin was overexpressed in the same cells. We found that accumulation of endogenous dvl in the nucleus and perinuclear region after Wnt1 treatment was detectable only after fixing cells in glutaraldehyde. As previous studies used ectopically expressed dvl-GFP and cells were fixed using different protocols, we suggest that perinuclear dvl was not observed in those cases because perinuclear dvl was not preserved, or because ectopic dvl does not accumulate in the same locations as the endogenous protein. Nuclear localization of endogenous cytoskeleton-associated proteins ZO-1 (Gottardi et al., 1999) , plakophilin-2a and -2b (Merthens et al., 1996) , and -3 (Bonne et al., 1999) , and profilin (Mayboroda et al., 1997) also is dependent on extraction and fixation conditions. Some of the perinuclear dvl detected in our experiments appeared to be associated with the ER (Torres, M.A., unpublished results) , which is consistent with localization of dvl to membrane-rich structures (for review see Miller et al., 1999a,b) .
In summary, we propose that during mouse embryonic kidney development, Wnt signals mediate changes in cell shape during mesenchymal to epithelial transformation by targeting the actin cytoskeleton via dvl and casein kinase I⑀, but not the rest of the canonical Wnt/␤-catenin signaling pathway. In addition, we hypothesize that Wnts mediate epithelial cell fate specification and cell proliferation by transducing signals in the perinuclear and nuclear regions of embryonic kidney cells. The novel component to this second model is that dvl accumulates in and around the nucleus, suggesting that even the upstream component most proximal to the frizzled receptor might transduce at least part of the Wnt signal within the nucleus. Future work is required to determine whether other Wnt signaling components are capable of entering the nucleus individually or as a complex, and what role perinuclear local-ization of Wnt signaling proteins plays in the transduction of the Wnt signal.
